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BACKGROUND AND PURPOSE
Vision depends on retinoid exchange between the retinal pigment epithelium (RPE) and photoreceptors. Defects in any step
of the canonical visual cycle can lead to retinal degenerations. All-trans-retinol (atROL) plays an important role in visual signal
transduction. However, how atROL enters human RPE from the apical membrane remains unclear. This study investigated the
role of human organic anion transporting polypeptide 1A2 (OATP1A2) in atROL uptake in human RPE.

EXPERIMENTAL APPROACH
Immunoblotting and immunostaining elucidated the expression and localization of OATP1A2 in human RPE. Transporter
functional studies were conducted to assess the interaction of OATP1A2 with atROL.

KEY RESULTS
Our study revealed OATP1A2 is expressed in human RPE, mainly at the apical membrane. Our data also indicated atROL
inhibited the uptake of the typical OATP1A2 substrate, oestrone-3-sulfate (E3S), in over-expressing cells. Studies on the uptake
of 3H-atROL in these over-expressing cells revealed atROL is a substrate of OATP1A2. We confirmed these findings in human
primary RPE cells. The transport of E3S and atROL was significantly reduced in human primary RPE cells with OATP1A2 siRNA
silencing.

CONCLUSION AND IMPLICATIONS
Our data provides the first evidence of OATP1A2 expression in human RPE and more importantly, its novel role in the cellular
uptake of atROL, which might be essential to the proper functioning of the canonical visual cycle. Our findings contribute to the
understanding of the molecular mechanisms involved in retinoid transport between the RPE and photoreceptors and provide
novel insights into potential pharmaceutical interventions for visual cycle disruption associated with retinal degenerations.
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Abbreviations
AMD, age-related macular degeneration; atROL, all-trans-retinol; E3S, oestrone-3-sulfate; INL, inner nuclear layer; IPM,
interphotoreceptor matrix; IRBP/RBP3, retinoid-binding protein; OATP, organic anion transporting polypeptide; RPE,
retinal pigment epithelium; SLC, solute carrier transporter

Introduction
Retinoids are important vitamin A compounds that are criti-
cal for human vision (Travis et al., 2007; Wang et al., 2012).
Vision in all vertebrates is dependent on the exchange of
retinoids to produce rhodopsin that is required to convert
light energy into an electrical signal in the retina (Saari,
2012). The two main types of photoreceptor cells in the
vertebrate retina are rods and cones (Travis et al., 2007). The
canonical visual cycle takes place between the photoreceptors
and the retinal pigment epithelium (RPE) monolayer (Travis
et al., 2007; Wang et al., 2012). The RPE monolayer is firmly
attached to the choroid and provides support to the photo-
receptors. Apart from the canonical visual cycle, an alterna-
tive cone-dominant visual cycle has also been proposed,
which may take place between the cones and the Müller cells
(the principal glial cells of the retina). However, less is known
about this cycle (Travis et al., 2007).

Defects in any step of the visual cycle may lead to retinal
degeneration. The accumulation of cytotoxic products result-
ing from the derangement of the visual cycle is one of the
primary causes of many blinding diseases (Sparrow et al.,
2003). Deficits of the genes involved in the visual cycle have
been implicated as risk factors in retinal degenerations
including age-related macular degeneration (AMD), Leber’s
congenital amaurosis, Stargardt’s disease, congenital cone-
rod dystrophy and retinitis pigmentosa (Allikmets, 1997;
Mata et al., 2000; Thompson et al., 2000; Janecke et al., 2004;
Perrault et al., 2004; Travis et al., 2007). Gene therapies and
pharmaceutical inhibition of retinoid supply to eyes are
under investigation in preclinical and clinical studies to treat
these diseases.

Within the canonical visual cycle, all-trans-retinol
(atROL) is the specific retinoid that traverses from photore-
ceptors to the RPE cells across the interphotoreceptor matrix
(IPM). Under pathological conditions, blockage of the visual
cycle may lead to the accumulation of prominent compo-
nents of the retinal ‘waste product’ lipofuscin, which is a

major component of soft drusen (Delori et al., 2000). Accu-
mulation of soft drusen external to the RPE basement mem-
brane is considered a major risk factor for vision loss
associated with the progression of AMD (Sparrow et al.,
2003). Therefore, reducing the toxic accumulation of retin-
oids involved in the visual cycle is one of the leading thera-
peutic strategies proposed for dry AMD as well as a range of
other retinal disorders.

atROL is thought to be delivered into the RPE cells by two
means: (i) within the canonical visual cycle, the secreted
atROL from the photoreceptors is taken up from the IPM into
the RPE through the apical membrane, and (ii) from the
blood circulation through the basolateral membrane of the
RPE (Travis et al., 2007). A receptor-mediated mechanism has
been reported to be responsible for the uptake of atROL from
the basolateral membrane of RPE (Kawaguchi et al., 2007).
The soluble interphotoreceptor retinoid-binding protein
(IRBP or RBP3) has been reported to facilitate atROL traveling
through the IPM to the RPE cells (Pepperberg et al., 1993).
However, whether the large IRBP protein (∼140 kDa) is
involved with atROL moving across the apical membrane of
RPE remains unknown. To date, it is yet to be explored how
atROL is taken up into RPE cells from the IPM through the
apical RPE membrane.

Membrane transporters regulate the movement of mol-
ecules into and out of cells. Their primary function is to
transport endogenous or exogenous substrates. Influx trans-
porters, principally the solute carrier transporters (SLCs),
determine the rate at which substances enter cells. Organic
anion transporting polypeptides (OATPs) are important SLC
transporter proteins that are responsible for the cellular influx
of endogenous substances such as hormones and exogenous
substances including a wide range of clinically important
drugs (Zhou and You, 2007; Kalliokoski and Niemi, 2009).
They have been found to be expressed in various human
key organs, such as the kidney and liver (Anzai et al.,
2006). OATPs are also well recognized to contribute to thera-
peutic toxicities when drugs compete with endogenous or
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exogenous substances for the same OATP protein(s) in spe-
cific tissues (Gao et al., 2014; Taylor-Wells and Meredith,
2014).

Currently, little is known about the roles of OATPs in the
human eye. Several Oatp isoforms have been detected in rat
eyes, with Oatp-2, Oatp-3, Oatp1c1 and Oatp-E specifically
localized at the RPE, however, the physiological functions of
these rodent transporter proteins in the RPE remains unclear
(Gao et al., 2002; Ito et al., 2002; 2003; Akanuma et al., 2013).
Previous studies have demonstrated that two of the human
classic OATP isoforms, human organic anion transporting
polypeptide 1A2 (OATP1A2) and OATP2B1, were expressed in
the retina/choroid at the mRNA level (Zhang et al., 2008;
Kadam et al., 2013). In a recent study, Gao et al. identified
broad OATP1A2 immunoreactivity in various retinal cell
layers including the outer nuclear layer and inner nuclear
layer (INL). However, the presence of OATP1A2 in the RPE
cell layer was not clearly identified due to autofluorescence of
the RPE cells (Gao et al., 2014). Similarly, tissue staining of
OATP2B1 was observed in the INL and inner plexiform layer,
but the authors were also unable to conclude whether this
transporter was expressed in the RPE cells (Gao et al., 2014).
Our study provides evidence of OATP protein expression in
human RPE cells. More importantly, our study suggests a
novel role of OATP1A2 in the cellular transport of atROL. Our
findings may have clinical significance in understanding the
contribution of OATP1A2 to the canonical visual cycle and
the pathophysiology of many retinal disorders.

Methods

Generation of OATP1A2 expressing
HEK293 cells
The OATP1A2 cDNA was purchased from GeneCopoeia (Cat.
No: GC-Q0577). The cDNAs were then subcloned into the
PCI vector (Promega, Alexandria, NSW, Australia) as
described previously (Zhou et al., 2011; 2013). All sequences
were confirmed by the dideoxy chain termination method
(Ramaciotti Centre, University of New South Wales, Rand-
wick, NSW, Australia).

Isolation of human eye tissue and RPE
primary cells
Four post-mortem human eyes (age range, 38–69 years, post-
mortem delay <16 h) were obtained from the Lions NSW Eye
Bank, with consent and ethics approval from The University
of Sydney Human Research Ethics Committee in accordance
with the tenets of the Declaration of Helsinki. Primary RPE
cells were isolated from these eyes as described previously
(McKay and Burke, 1994; Zhu et al., 1998; Munoz-Erazo et al.,
2012). Briefly, after removing the anterior segment from the
eyes, the neurosensory retina and vitreous was gently
removed from the underlying RPE. The eyecups were rinsed
with phosphate buffered saline (PBS, pH 7.4) and then filled
with 0.25% trypsin and 0.01% EDTA; the eyecup was incu-
bated at 37°C for 45 min. The RPE was gently removed from
the underlying Bruch’s membrane with pipetting, and col-
lected in DMEM with 4.5 g·L−1 glucose, 2 mM L-glutamine
and 20% FBS. Cells were pelleted by centrifugation (163× g for

5 min), resuspended in fresh medium and initially grown in
35 mm2, dishes. After reaching confluency, cells were trypsi-
nized and subsequently grown in 25 cm2 flasks maintained at
37°C with 5% CO2. RPE cells were used between passage 2 and
passage 5.

Subcultures of primary RPE cells were also pelleted and
lysed for immunoblotting in lysis buffer (10 mM Tris,
150 mM NaCl, 1 mM EDTA, 0.1% SDS, 1% Triton X-100, that
contained the protease inhibitors phenylmethylsulfonyl fluo-
ride, 200 mg·mL−1, and leupeptin, 3 mg·mL−1, pH 7.4).

Transfection of cells
HEK-293 and human primary RPE cells were maintained at
37°C and 5% CO2 in DMEM supplemented with 10% fetal
calf serum. HEK293 cells were transfected with OATP1A2
plasmid DNA using Lipofectamine 2000 reagent (Invitrogen,
Mount Waverley, Vic., Australia) as we previously described
(Zhou et al., 2010; 2011; 2013). Twenty-four hours after trans-
fection, substrate uptake activities or transporter protein
expression were measured. Human primary RPE cells were
transfected with scrambled siRNAs (VWR, Murarrie, Qld.,
Australia; Cat. No: sc-37007) or each of the three OATP1A2-
specific siRNAs (Invitrogen; Cat. No: 4392420, ID: s13099,
s13100, s13101) using Lipofectamine 2000 reagent (Invitro-
gen) following the manufacturer’s instructions. Forty-eight
hours after transfection, substrate uptake activities or trans-
porter protein expression were measured.

Transport studies
Cellular uptake of [3H]-E3S (final concentration 0.3 μM by
mixing 0.01 μM [3H]-E3S and 0.29 μM E3S, 150 μL uptake
solution per well, 67 nCi per well) in HEK-293 was conducted
as described previously (Zhou et al., 2011; 2013). Uptake was
initiated at 37°C in PBS (137 mM NaCl, 2.7 mM KCl, 4.3 mM
Na2HPO4, 1.4 mM KH2PO4, pH 7.4) containing 1 mM CaCl2,
and 1 mM MgCl2, and was terminated by rapidly washing the
cells in buffer at 4°C. Preliminary experiments indicated that
initial rates of OATP1A2-mediated substrate uptake in
HEK293 cells were linear over at least 8 min, which was the
time selected for subsequent experiments. The cells were then
solubilized in 0.2 M NaOH, neutralized with 0.2 M HCl, and
aliquoted for liquid scintillation counting. The uptake of
[3H]-atROL (final concentration 0.1 μM by mixing 0.02 μM
[3H]-atROL and 0.08 μM atROL, 150 μL uptake solution/well,
0.15 μCi per well) was undertaken in analogous fashion
except that the buffer pH was adjusted to 5.0. Uptake was
standardized to the amount of protein in each well. Kinetic
studies were performed with varying concentrations of atROL
(0.02–500 μM) added to the uptake buffer for a 3 min incu-
bation in cells and apparent Km and Vmax values for trans-
porter activity were then calculated where possible
(GraphPad Prism 5.0; GraphPad Inc, La Jolla, CA, USA).

Electrophoresis and immunoblotting
After removing medium, the HEK-293 or human primary RPE
cells were lysed with lysis buffer (10 mM Tris, 150 mM NaCl,
1 mM EDTA, 0.1% SDS and 1% Triton X-100, which con-
tained the protease inhibitors phenylmethylsulfonyl fluoride,
200 mg·mL−1, and leupeptin, 3 mg·mL−1, pH 7.4). Unlysed
cells were removed by centrifugation at 14 000× g at 4°C.

BJPOATP1A2 transport in human RPE cells
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Protein concentration of supernatant was measured with
Bradford assay. Protein samples were denatured, loaded onto
7.5% polyacrylamide minigels and electrophoresed using a
mini cell (Bio-Rad, Gladesville, NSW, Australia). Proteins were
transferred to polyvinylidene fluoride membranes (Merck
Millipore, Kilsyth, Victoria, Australia) in an electroelution cell
(Bio-Rad, Gladesville, NSW, Australia) and blocked for 1 h
with 5% non-fat dry milk in PBS-Tween (137 mM NaCl,
2.7 mM KCl, 4.3 mM Na2HPO4, 1.4 mM KH2PO4 and 0.05%
Tween 20; pH 7.5), washed and then incubated overnight at
4°C with anti-OATP1A2 antibody (1 μg·mL−1; VWR; Cat. No:
sc-48744). The membranes were washed, incubated with goat
anti-rabbit IgG conjugated to HRP (1:5000; VWR; Cat. No:
sc-2004), and signals were detected using the Immobilon
Western Chemiluminescent HRP Substrate (Merck Millipore,
Kilsyth, Vic., Australia).

Immunohistochemistry
Two of the post-mortem human eyes were used for immuno-
histochemical studies. The post-mortem delay to fixation was
approximately 12 h. After removing corneas, eyecups were
fixed in 4% paraformaldehyde for 4 h and rinsed with PBS
followed by equilibration in 30% sucrose/PBS overnight.
After dissecting the eyecups into smaller pieces, tissues
(including sclera choroid and retina) were embedded in
optical cutting temperature compound (ProSciTech, Kirwan,
Qld., Australia) for cyrosectioning. Immunolabelling was per-
formed as described previously (Zhu et al., 2013). Briefly, sec-
tions were incubated in anti-OATP1A2 antibody (VWR; Cat.
No: sc-48744, 1:100) or anti-Na+-K+ ATPase β1 subunit anti-
body (VWR; Cat. No: Sc-21713, 1:100) or anti-Bestrophin
antibody (Sapphire Bioscience, Waterloo, NSW, Australia;
Cat. No: ab2182, 1:100) overnight at 4°C and then probed
with Alexa Fluor® 488 conjugated donkey anti-mouse IgG or
Alexa Fluor® 594 conjugated goat anti-rabbit IgG (1:1000
dilution; Invitrogen). Samples were treated with TrueBlack
Lipofuscin Autofluorescence Quencher (Jomar Diagnostics
P/L, Stepney SA, Australia) and mounted with Fluoroshield™
with DAPI histology mounting medium (Sigma-Aldrich,
Castle Hill, NSW, Australia). Slides were visualized using a
Leica DMI3000 B epi fluorescence microscope (Leica
Microsystems, North Ryde, NSW, Australia).

Data analysis
Data are presented throughout as mean ± SEM. The Student’s
t-test was used to test for differences between two sets of
normally distributed data. Differences in transport function
of OATP1A2 were detected by one-way analysis of variance
and Dunnett’s testing.

Materials
[3H]Oestrone-3-sulfate (E3S; specific activity 57.3 Ci·mmol−1)
and [3H]atROL (specific activity 12.5 Ci·mmol−1) were
purchased from PerkinElmer (Melbourne, Vic., Australia).
Culture media was obtained from Life Technologies (Mount
Waverley, Vic., Australia). Human kidney total lysate (adult
normal) was purchased from Sapphire Biosciences (Redfern,
NSW, Australia). Unless otherwise stated, all other chemicals
and biochemicals were purchased from Sigma-Aldrich (Castle
Hill, NSW, Australia).

Results

OATP1A2 expression in human RPE cells
We observed a specific protein signal for OATP1A2 at ∼95 kDa
in direct immunoblots of human RPE cell lysates (Figure 1),
consistent with that detected in OATP1A2 over-expressing
HEK-293 cells as well as human kidney tissue lysates (Zhou
et al., 2011; 2013; Zheng et al., 2014). In contrast, OATP2B1
protein was not detected in human RPE lysate by immunob-
lotting (data not shown).

Immunolabelling revealed that OATP1A2 was abundantly
expressed in the RPE cells and, co-localized with the RPE
apical membrane marker Na+-K+ ATPase (Figure 2A–D;
Gundersen et al., 1991; Rizzolo and Zhou, 1995), but mini-
mally with the basolateral marker Bestrophin (Figure 2E–H;
Marmorstein et al., 2000). These observations indicate that
OATP1A2 is predominantly localized at the apical membrane
of human RPE cells.

atROL is a potent inhibitor of
OATP1A2-mediated E3S uptake
Given the importance of RPE uptake of atROL within the
canonical visual cycle, the involvement of OATP1A2 in
atROL uptake was evaluated. We first conducted a transporter
inhibition study to assess the interaction of atROL with
OATP1A2-mediated substrate transport. We found that atROL
significantly inhibited the cellular transport of E3S [a classic

Figure 1
Protein expression of OATP1A2 in human RPE by immunoblot analy-
sis. Cells and human tissues were dissolved in RIPA buffer. Protein
lysate was denatured at 55°C for 30 min and loaded onto SDS-PAGE.
Protein signal was detected with anti-OATP1A2 antibody (∼95 kDa).
Consistent findings were made in RPE tissue lysate obtained from
four independent donors, with a representative image shown in this
figure.
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substrate of OATP1A2 (Zhou et al., 2011; 2013; Zheng et al.,
2014)], mediated by HEK293 cells over-expressing OATP1A2
(Figure 3A). Furthermore, the inhibitory potency analysis
indicated that atROL significantly inhibited the uptake of E3S
with an IC50 value (concentration at which 50% inhibition of
transporter function is obtained) of 3.6 ± 0.9 μM (Figure 3B).
atROL also mildly inhibited E3S uptake by human primary
RPE cells (Figure 3C) with methotrexate, another known sub-
strate of OATP1A2 (Badagnani et al., 2006; van de Steeg et al.,
2013; Zhou et al., 2013) and E3S used as controls.

atROL is a novel substrate of OATP1A2
An inhibitor may or may not be a substrate of a transporter.
In order to elucidate whether atROL is a substrate of
OATP1A2, direct uptake of atROL was assessed with a com-
mercially available 3H-atROL. The uptake of 3H-atROL was
∼1.8-fold higher than the vector-transfected control in the
OATP1A2-expressing HEK-293 cells (Figure 4A). Primary RPE
cells were used to further confirm the uptake of atROL via
OATP1A2 using chemical inhibitors and siRNA silencing
techniques. E3S or methotrexate (10 μM) both significantly
decreased 3H-atROL uptake by human primary RPE cells
(Figure 4B), suggesting that passive diffusion was not the sole
mechanism of atROL moving into RPE cells and that a carrier-
mediated mechanism is also involved. Furthermore, when

OATP1A2-specific siRNAs were transiently transfected into
primary RPE cultures to elucidate the role of OATP1A2 in the
influx of atROL, impaired transport of both E3S and atROL
was observed in all four primary RPE cultures with OATP1A2
gene silencing. We tested three specific siRNAs targeting at
different coding regions of OATP1A2 gene, which all
achieved comparable efficacy of gene silencing in the primary
RPE culture derived from each donor. However, under the
same experimental condition, the gene-silencing efficacy
varies from ∼40 to ∼90% across the four primary RPE cell lines
derived from different donors (data not shown), which was
possibly due to the variable susceptibility of each primary
culture to siRNA transfection as well as the different expres-
sion level of OATP1A2 in individual primary culture. In
pooled data from the four RPE primary cultures, uptake of
both E3S and atROL was reduced to ∼45 and ∼64%, respec-
tively, of control (Figure 4C). As an example, the impaired
OATP1A2 protein expression resulted from siRNA silencing
was illustrated in Figure 4D with the immunoblot obtained
from the primary RPE culture with moderate gene-silencing
efficacy (∼55%).This in vitro finding further confirms the con-
tribution of OATP1A2 to the cellular transport of atROL in
human RPE cells.

Further kinetic analysis of atROL uptake in both over-
expressing HEK293 and human primary RPE cells revealed

Figure 2
Immunofluorescent labelling of OATP1A2 in human RPE. Sections of human retina were immunolabelled with anti-Na+-K+ ATPase β1 subunit
antibody or anti-bestrophin antibody and Alexa Fluor® 488 conjugate donkey anti-mouse IgG or anti-OATP1A2 antibody and Alexa Fluor® 594
conjugate goat anti-rabbit IgG. Panel A shows nuclei (blue); panel B shows immunostaining of the Na+-K+ ATPase β1 subunit (green); panel C
shows the immunostaining of OATP1A2 (red); panel D shows the merged images of panels A, B and C. Panel E shows nuclei (blue); panel F shows
the immunostaining of bestrophin (green); panel G shows the immunostaining of OATP1A2 (red); panel H shows the merged images of panels
E, F and G. Scale bars: 50 μm in panel A–H.
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that the Km of atROL influx via OATP1A2 is ∼89 μM in the
over-expressing HEK293 cells and ∼94 μM in the primary RPE
cells (Figure 5).

Discussion and conclusions

Impaired cellular influx of atROL into RPE cells may lead to
the accumulation of retinoids due to the disrupted canonical
visual cycle, which consequently increases production of the
retinal ‘waste product’ lipofuscin (Clarke and Gulbis, 2012;
Gong and Kim, 2013; van de Steeg et al., 2013). Increased
production of lipofuscin may contribute to the formation of
soft drusen, which are associated with an increased risk of
progression for AMD (Sparrow et al., 2003). Although the

basolateral uptake of atROL in RPE cells has been well char-
acterized as a receptor-mediated process (Kawaguchi et al.,
2007), little is known about transport mechanism of atROL
into the RPE cells via the apical membrane as part of the
canonical visual cycle.

For the first time, we have demonstrated expression of the
human OATP1A2 protein in sections of human RPE and in
primary cultured RPE cells (Figure 1). The molecular size of
the OATP1A2 protein we detected in RPE cell lysates was
comparable with that of OATP1A2 over-expressing HEK293
cells that have been validated in several previous studies
(Zhou et al., 2011; 2013; Zheng et al., 2014) and in human
kidney tissue lysate, where OATP1A2 was abundantly
expressed (Lee et al., 2005). Immunofluorescence microscopy
demonstrated that OATP1A2 was predominantly expressed at
the apical membrane of RPE cells (Figure 2).

Figure 3
atROL is a potent inhibitor of OATP1A2-mediated E3S uptake. (A) atROL inhibition on E3S uptake in the OATP1A2 over-expressing HEK293 cells.
Uptake of 300 nM 3H-E3S was assessed in the presence or absence of 10 μM or 300 μM atROL as described in Methods. (B) IC50 value of atROL
inhibition on the uptake of 300 nM 3H-E3S was assessed in the absence or presence of a range of atROL (0.1 nM to 80 μM) in the OATP1A2
over-expressing HEK293 cells. (C) atROL inhibition on E3S uptake in the human primary RPE cells. Uptake of 300 nM 3H-E3S was assessed in the
presence or absence of 10 μM atROL or methotrexate (MTX) or E3S. Data are from primary human RPE cell cultures isolated from four
independent human donors. Values are mean ± SE (triplicate in each experiment, each experiment was repeated three times. *P < 0.05; **P < 0.01;
***P < 0.001; significantly different from uptake without inhibitors).
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Figure 4
atROL is a novel substrate of OATP1A2. (A) Transport of 3H-E3S and 3H-atROL in the HEK 293 cells transiently transfected with OATP1A2. The
parental and transporter expressing cells were incubated with 0.3 μM of 3H-E3S (in PBS of pH 7.4) or 0.1 μM of 3H-atROL (in PBS pH 5.0) for 5 min
and excessive radio-labelled compound was removed by washing with cold-PBS for three times. Cells were lysed in 0.2M NaOH and then
neutralized with 0.2M HCl. Cell lysates were then counted by scintillation counter. Values are mean ± SE (triplicate in each experiment; each
experiment was repeated three times). *P < 0.05; **P < 0.01; significantly different from uptake of vector transfected control. (B) E3S and
methotrexate (MTX) inhibition of atROL uptake in the human primary RPE cells. Uptake of 0.1 μM 3H-atROL was assessed in the presence or
absence of 10 μM E3S or atROL or MTX. The data presented shows findings from human primary RPE cells isolated from four independent human
donors. Values are mean ± SE (triplicate in each experiment; each experiment was repeated three times. *P < 0.05; **P < 0.01; significantly different
from uptake without inhibitors. (C) Uptake of 3H-E3S and 3H-atROL in primary human RPE cell cultures transiently transfected with scrambled
siRNA or OATP1A2-specific siRNA. The siRNA transfected cells were incubated with 0.3 μM of 3H-E3S (in PBS pH 7.4) or 0.1 μM of 3H-atROL (in
PBS pH 5.0) for 5 min. The data presented shows findings from human primary RPE cells isolated from four independent human donors. Values
are mean ± SE (triplicate in each experiment; each experiment was repeated three times. *P < 0.05; **P < 0.01; significantly different from uptake
of scrambled siRNA transfected control). (D) Representative image of the protein expression of OATP1A2 in siRNA transfected human RPE primary
cells with moderate gene-silencing efficacy. Human primary RPE cells transfected with scrambled or OATP1A2-specific siRNA were dissolved in RIPA
buffer. Protein lysate was denatured and loaded onto SDS-PAGE gels. Protein signal was detected with anti-OATP1A2 and anti-β-actin antibodies.
Upper panel: OATP1A2 expression; lower panel: β-actin expression. The same analysis was conducted for human primary RPE cells isolated from
four independent donors with the representative blot shown here. Bottom graph: densitometry analysis of OATP1A2 expression normalized to
β-actin expression (data from human primary RPE cells isolated from four different donors. **P < 0.01 significantly different from uptake of
scrambled siRNA transfected control).
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We then explored the functional role of OATP1A2 in the
RPE cells. E3S is the classic substrate of OATP1A2 (Lee et al.,
2005; Badagnani et al., 2006; Zhou et al., 2011; 2013; Zheng
et al., 2014). We found that atROL was a potent inhibitor of
E3S uptake via OATP1A2, with an IC50 of 3.6 ± 0.9 μM
(Figure 3). Furthermore, studies on the uptake of radio-
labelled atROL in over-expressing HEK293 cells demonstrated
that this endogenous compound was a novel substrate of
OATP1A2 (Figure 4). Transporter analysis conducted in the
primary RPE cells provided more direct evidence that
OATP1A2 contributes to the cellular uptake of atROL, and our
findings indicated that atROL and E3S could each inhibit
uptake of the other substrate (Figures 3C and 4B). More
importantly, gene silencing of OATP1A2 also efficiently
down-regulated the uptake of both substrates (Figure 4C and
D), suggesting that OATP1A2 is at least partially responsible
for the uptake of atROL into human RPE cells. Passive diffu-
sion of molecules across biological membranes driven by a
concentration gradient occurs for many substances; however,
active uptake of molecules via membrane proteins, particu-
larly transporters, may be more common than is usually
assumed (Dobson and Kell, 2008). Noteworthy, carrier-
mediated transport might be more clinically important than
passive diffusion because it is more susceptible to modula-
tion. For instance, co-administrating transporter inhibitors
can impair drug uptakes, while inducing the molecular regu-
lators of transporters can increase transporter expression and
thus substrate influx. Therefore, OATP1A2 might become a
novel therapeutic target proposed for retinal degenerations
especially dry AMD in reducing toxic retinoids accumulation
within the visual cycle.

Retinols, which are derivatives of vitamin A, are also
found in many mammalian tissues where they are important
for inter alia, skin health, tooth remineralization and bone
growth (Zhong et al., 2012). Studies in enterocytes demon-

strated that membrane proteins such as transporters play
critical roles in the cellular transport of vitamins including
vitamin A and its derivatives (Reboul and Borel, 2011; Reboul,
2013). Our study is the first to show the contribution of
influx transporters, particularly OATPs, to the transepithelial
movement of such compounds. OATP1A2 was previously
found to be expressed in the intestine, kidney, brain and
biliary cholangiocytes (Gao et al., 2000; Su et al., 2004; Lee
et al., 2005; Badagnani et al., 2006; Glaeser et al., 2007; Yang
et al., 2010; Roth et al., 2012). Therefore, our findings may
also apply to retinol transport in other tissues and to the
disposition of retinols throughout the body. Further studies
are warranted to define the role of OATP1A2 in atROL influx
in other human tissues.

OATPs have been recognized to be widely involved with
therapeutic toxicity due to drugs competing for the OATPs
with endogenous/exogenous substances that are also taken
up by them (Gao et al., 2014; Taylor-Wells and Meredith,
2014). We propose that the novel transporter-mediated apical
uptake of atROL across human RPE identified in the present
study is not only essential to maintaining the integrity of the
visual cycle and thus vision (Figure 6), but also provides novel
insights into retinal dysfunction induced by certain drugs.
For instance, the cardiac glycoside ouabain, a known inhibi-
tor of OATP1A2 (Delori et al., 2000), has been reported to
induce retinopathy (Marmorstein et al., 2000; Alexander
et al., 2013), as may the front line anti-cancer agent imatinib
mesylate, which is a substrate of OATP1A2 (Hu et al., 2008;
Kitzmann et al., 2008; Zhou et al., 2013). The retinal toxic
effects of these drugs could plausibly be due to their inhibi-
tion of atROL uptake into the RPE cells via OATP1A2, result-
ing in dysfunction of the canonical visual cycle and toxic
accumulation of retinoids. OATP1A2 may thus be a novel
target for pharmacological intervention in certain drug-
induced retinal diseases.

Figure 5
The kinetic parameters of atROL uptake via OATP1A2. (A) The kinetic parameters of 3H-atROL uptake were derived in the HEK293 cells transiently
transfected with OATP1A2. Uptake of 3H-atROL was assessed with various concentrations of 3H-atROL (range from 0.02 to 500 μM) subtracting
that of vector transfected control. (B) The kinetic parameters of 3H-atROL derived from human primary RPE cells transiently transfected with
scrambled or OATP1A2-specific siRNA. Uptake of 3H-atROL was assessed with various concentrations of 3H-atROL (range from 0.02 to 500 μM)
in the human primary RPE cells (with ∼90% siRNA gene-silencing efficacy) transfected with scrambled or OATP1A2-specific siRNA. The uptake of
atROL was calculated by subtracting OATP1A2-specific siRNA transfected cells from that in cells transfected with scrambled siRNA (triplicate in
each experiment; each experiment was repeated two times). Km and Vmax values of atROL uptake were derived by Graphpad Prism 5.0 software.
Values are mean ± SEM (n = 3).
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In summary, our study showed the expression of
OATP1A2 protein in human RPE cells and elucidated the role
of this transporter in the cellular uptake of atROL by human
RPE cells, which is an essential step in the canonical visual
cycle. Our study contributes to a greater understanding of the
underlying molecular mechanisms of retinoid transport
between RPE cells and photoreceptors. We anticipate that
these novel insights may be used to develop potential phar-
maceutical interventions for retinal diseases associated with
visual cycle disruption for further testing in preclinical and
clinical studies.
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